Theory predicts that biodiversity is causally linked to key ecological functions such as biomass 29 productivity, and that loss in functional traits both among-and within-species can reduce the efficiency of 30 ecosystem functions. There has been ample empirical and experimental demonstration that species loss 31 indeed reduces the efficiency of ecosystem functions, with tremendous impacts on services provided by 32 biodiversity. Nonetheless, and despite the fact that within-species diversity is strongly altered by human 33 activities, there have been little attempts to empirically test (i) whether intraspecific genetic diversity 34 actually promotes productivity and stability in wild populations, and, (ii) if so, to quantify its relative 35 importance compared to other determinants. Capitalizing on 20-year demographic surveys in wild fish 36 populations, we show that genetic diversity does not increase mean biomass production in local 37 populations, but strongly and consistently stabilizes biomass production over time. Genetic diversity 38 accounts for about 20% of explained variance in biomass stability across species, an important 39 contribution about half that of environment and demography (about 40% each). Populations having 40 suffered from demographic bottlenecks in the recent past harbored lower levels of genetic diversity and 41 showed less stability in biomass production over the last 20 years. Our study demonstrates that the loss of 42 intraspecific genetic diversity can destabilize biomass productivity in natural vertebrate populations in just 43 a few generations, strengthening the importance for human societies to adopt prominent environmental 44 policies to favor all facets of biodiversity.
respectively. On the field, a small piece of pelvic fin was collected from each individual and was preserved 145 in 70% ethanol, before releasing fish in situ. Genomic DNA was extracted using a salt-extraction protocol 146 (43) and used to obtain, for each species, population-based allelic frequencies following a paired-end, 147 pool-seq procedure (44), as detailed in Appendix S2a. Read assembly, SNP calling and filtering (see 148 Appendix S2b for details) generated a total of 1244 SNPs in minnows, 1892 SNPs in gudgeons and 1847 149 SNPs in chubs. Genomic data were further completed with microsatellite genotypes (Appendix S1), with 150 17, 13 and 16 loci in minnows, gudgeons and chubs, respectively.
151
For each species and site, we computed a total of six metrics of genetic diversity. First, we used SNPs 152 allelic frequencies to compute two metrics in R (45): the expected level of heterozygosity across SNPs loci 153 (sHe) and the observed level of SNP polymorphism (sPo), computed as the number of non-fixed loci (0 < 154 allelic frequency < 1) divided by the total number of loci with non-missing data in a given population. We 155 then used microsatellite data to compute four additional metrics using the softwares GENETIX 4. 3 (46) 156 and ADZE 1.0 (47): the expected (µHe) and observed (µHo) levels of heterozygosity across microsatellite 157 loci, the mean number of alleles per locus (µNam) and the standardized allelic richness (µAR) based on a 158 standardized sample size of 20.
159
To capture overall trends in species-specific patterns of genetic diversity and smooth possible 160 particularities of each metric (48), the six metrics of genetic diversity were compiled using a principal 161 component analysis (PCA) . Only the first component was retained in each species, respectively 162 accounting for 75.7, 68.8 and 86 % of variance in genetic data in minnows, gudgeons and chubs, 163 respectively. In general, all variables equally contributed to the retained components, which were thus 164 considered as species-specific synthetic predictors for genetic diversity, with genetically impoverished 165 populations on the one hand (negative coordinates) and genetically diversified populations on the other 166 hand (positive coordinates; Appendix S6a). This synthetic predictor was highly correlated with mean allelic 167 richness in each species (r > 0.9).
168
As genetic data could not be collected over years, we also computed the M-ratio (34) to determine 169 whether sampled populations experienced recent demographic bottlenecks. The M-ratio is the ratio 170 between the number of observed alleles at a microsatellite locus and the allelic range of that locus, the 171 latter being supposed to decrease slower than the number of alleles during a demographic collapse. This 8 index ranges from 0 to 1: empirical M-ratio values lower than a critical value of 0.68 indicate significant 173 bottleneck (34). For each populations and each species, the M-ratio was computed for each microsatellite 174 locus and then averaged over loci following (49) . We used 1-(M-ratio) as a proxy for demographic 175 bottleneck probability.
176
Environmental data 177 Each site was described using 17 environmental variables susceptible to affect demography, biomass 178 and genetic diversity of fish populations. From the French Theoretical Hydrological Network (50), we 179 extracted seven variables related to river topography: distance from the mouth (in m), distance from the 180 source (in m), river width (in m), slope (in degrees), altitude (in m) and mean annual water flow (in m3.s-181 1). Additionally, we computed the betweenness centrality index as a measure of local connectivity along 182 the dendritic network (ComplexNetGIS toolbox in ARCGIS; (51) 
195
S5 for details and computation). This index theoretically ranges from 0 (no identified anthropogenic 196 alteration) to 1 (maximum alteration) but did not exceed 0.525 in our dataset, with a mean of 0.275.
197
Environmental variables were log-transformed to meet normality assumption when required.
198
The 17 environmental variables were synthetized using a PCA ( Figure 5 ; Appendix S6b). The two first 199 components were retained, accounting for 58.5 % of the total variance in environmental variables. The variables (Appendix S7). We hypothesized that genetic diversity would directly promote biomass 217 production and biomass stability, either in an additive way, or in interaction with environmental variables.
218
Interactions were computed as the cross-product of genetic diversity with each environmental variable 219 (54). All other paths were used to control for the possible direct and indirect influence of other variables.
220
We notably hypothesized that mean population density and density stability would respectively affect 221 biomass production and biomass stability, both directly (biomass varying in proportion to density) and 222 indirectly, through pathways involving genetic diversity (low densities or low stability favoring genetic drift 223 (55)). Density stability was also expected to indirectly affect genetic diversity through demographic higher intraspecific competition in harsh conditions) and indirectly, through pathways involving genetic 230 diversity (promoted for instance by higher proximity to glacial refugees or higher local connectivity (31)) 231 and/or population dynamics (eutrophic conditions for instance leading to an increase in fish mortality or 232 oligotrophic conditions leading to an increase in competition for resources).
233
We then used a causal modeling procedure to infer actual causal relationships among variables.
234
Specifically, we used path analyses (56) with maximum likelihood estimation and ‗Huber-White' robust 235 standard errors to assess, in each species, the validity of the full model and to simplify it when needed.
236
Model simplification was performed by removing non-significant paths one at a time, provided that cross-237 products were always associated with their additive terms (57) and that removal led to an increase in the 238 relative fit of the model (i.e., a decrease in AIC score (58)). Simplification was stopped as soon as the 239 model reached a satisfactory absolute fit. Following Hu and Bentler (59) contributions of demography and genetic diversity to the variance in biomass variables were respectively 258 obtained by subtracting R² of (b) from R² of (a) and by subtracting R² of (c) from R² of (b). We finally 259 averaged these contributions across species and build 100% stacked barplots to illustrate the overall 260 contribution of genetic diversity, demography and environment to the total explained variance in each 261 biomass variable.
262

Results
263
Contrary to our predictions, we did not find evidence that genetic diversity is related to mean biomass 264 production at the local scale ( Figure 2 and Figure 3B ). We however demonstrate that, in the three 265 considered species, populations with higher levels of genetic diversity display higher biomass stability over 266 time than genetically-impoverished populations, sustaining the idea that intraspecific genetic diversity 267 stabilizes biomass production (Figure 2 and Figure 3C ). The relative contribution of genetic diversity to the 268 overall explained variance in biomass stability across species was of 21.7%, a significant value about half 269 that of environmentally-and demographically-related variables (37.7% and 40.6% respectively; Figure   270 3C). This striking finding is supported by robust simplified causal models that correctly represent observed 271 data in each species (satisfactory absolute fit indices after model simplification; Tables 1 and 2; see   272 Appendix S8 for detailed results).
273
The contribution of genetic diversity to biomass stability was yet both species-and context-dependent.
274
It was the highest in the chub, genetic diversity accounting for 23% of the total variance in biomass 275 stability, a contribution twice higher than that of demography (11.3%) and much higher than that of 276 environment (2.6%). The retained interaction between the eutrophic gradient and genetic diversity in this 277 species, though marginally significant (probably because of a low sample size; n = 21, β = 0.292, p = 278 0.085; ∆AIC = +0.55 when removed from the model) indicates that biomass stability increases with genetic 279 diversity, though mainly in the most eutrophic (i.e. stressful) habitats (Figure 2A and 4A ). In the 280 Languedoc gudgeon, the contribution of genetic diversity to biomass stability (11.2%) was comparable to 281 that of demography (12.1%) but lower than that of the environment (50.1%). In this species, biomass 282 stability increases with increasing levels of genetic diversity (n = 37, β = 0.198, p = 0.006). It also 283 increases upstreamward but decreases with eutrophication. The contribution of genetic diversity to 284 biomass stability was the lowest in the minnow (5%), environment and demography accounting for 15.2% 
305
In addition to revealing the consistent contribution of genetic diversity, or the loss of it, to biomass 306 stability, our modeling framework allowed identifying other recurrent and theoretically-grounded 307 relationships between variables indicating that our simplified causal models were biologically sound (see
308
Appendices S9 and S10 for graphical outputs and related discussion). As expected, biomass production 309 and biomass stability were always positively linked to their demographic counterparts (i.e., population 310 density and population stability, respectively; Figure 2) , explaining from 11.4% to 85.5 % of the variance in 311 biomass variables ( Figure 3B-C) . Similarly, we found a systematic downstream increase in genetic 312 diversity, although this pattern only held true in oligotrophic conditions in the case of minnows (Appendix 313 S10). We finally identified several significant paths linking environment gradients to population dynamics 314 and biomass variables. For instance, population density was found to increase downstreamward in chubs 315 but upstreamward in gudgeons. Density stability and biomass production were found to decrease 316 14 downstreamward and biomass stability to decrease with eutrophication in both minnows and gudgeons 317 ( Figure 2 ).
15
Discussion
319
Capitalizing on long-term demographic surveys, we report systematic positive relationships between 320 intraspecific genetic diversity and temporal stability in biomass production in three freshwater fish species.
321
These positive relationships indicate a buffering effect of genetic diversity, genetically-impoverished 322 populations being less efficient in maintaining stable biomass production over time than genetically-323 diversified populations (10). By favoring the occurrence of highly productive phenotypes and/or a higher 324 functional complementarity among phenotypes, higher genetic diversity likely allows populations to 325 maintain an efficient exploitation of available resources in the face of natural environmental fluctuations,
326
insuring a stable production of biomass (2, 6, 10). Interestingly, and contrary to our expectations, this 327 buffering effect of genetic diversity did not come with a performance-enhancing effect (10): genetically-328 diversified populations did not tend to show higher mean biomass production than genetically-329 impoverished populations. In minnows and gudgeons for instance, mean biomass production was almost 330 exclusively driven by demography and the environment (R² > 95%), suggesting that, in these species, the 331 effect of genetic diversity, if any, might be too tenuous to be tractable when compared to the effect of other 332 determinants. Mean biomass production might also be driven by factors that we did not consider in our 333 study, such as interspecific interactions at the community-level (61) or terrestrial subsidies at the 334 ecosystem level (62), possibly accounting for the 40% of unexplained variance in chubs. Nevertheless,
335
our study provides one of the first evidence that -real world‖ genetic diversity can directly promote 336 temporal stability in biomass production in wild organisms, in line with both theoretical expectations and 337 experimental evidence (15, 16) 338
Overall, intraspecific genetic diversity accounted for more than 20% of the explained variance in 339 biomass stability across species, a contribution about half that of other predictors such as environmental 340 variation and demography. Our findings not only indicate that the relationship between intraspecific 341 diversity and biomass holds true in natural ecosystems, but also that this relationship can be substantial 342 and comparable to the effects of other undisputable determinants of productivity, as recently shown for 343 interspecific diversity (7). While species richness can buffer natural fish biomass production against 344 environmental variations (30), we argue that both intra-and interspecific facets of biodiversity may actually 345 contribute to biomass stability in the wild (15, 16).
16
The buffering effect of intraspecific diversity was both species-and context-dependent, illustrating the 347 complexity of natural systems and the importance of moving from experimentally-based to empirically-348 based studies to better understand relationships between biodiversity and ecological functions (2, 4, 24) .
349
Indeed, contrary to the additive effect of genetic diversity reported for gudgeons and minnows, the positive Perhaps most importantly, these negative effects may occur from the very first signs of genetic erosion 375 and therefore even in species that would be considered as having a good conservation status based on 376 conventional measures of intraspecific diversity such as allelic richness or expected heterozygosity (70).
377
This is perfectly exemplified in the case of the Languedoc gudgeon, a species that display high levels of 378 genetic diversity (as high as in minnows) but in which almost a third of monitored populations actually 379 exhibit signs of ongoing genetic erosion when considering dedicated metrics such as the M-ratio (34) (see
380
Material and Methods for details). We therefore suspect that the loss of intraspecific diversity observed 381 worldwide (35) is actually responsible for a considerable alteration of many ecological processes in nature,
382
but that these adverse effects might have been underestimated.
383
To conclude, we found strong evidence that -real world‖ genetic diversity directly promotes temporal 384 stability in biomass production in the three considered freshwater fish species. Future studies are now 385 needed to confirm the significance of these results in other taxa and other ecosystems and to disentangle 386 the relative contribution of intra-and interspecific diversity in explaining biomass production in the wild 387 (23), notably in temperate ecosystems where species diversity is naturally low. Our findings yet also 388 strongly suggest that the impact of human-induced genetic erosion on natural ecosystems' capacity to 389 provide critical provisioning and regulating services to humanity is probably much more important than 
